Perceptual organization (PO) impairments have been repeatedly demonstrated in schizophrenia. The extent to which these impairments can be reduced or eliminated, however, has received less attention, and evidence on this issue has not been previously reviewed. The literature suggests that whether normal experience-dependent change in perceptual organization occurs in schizophrenia depends on factors such as: stimulus grouping strength, extent of practice, type of cues upon which top-down feedback can be generated, and patient characteristics (trait and state). Therefore, the purpose of this paper is to review and synthesize the available evidence on plasticity and other forms of change in PO in schizophrenia, and to relate it to current data and theories on plasticity, including perceptual learning (PL) in healthy people. This can clarify the computational and neural mechanisms involved in experience-dependent and state-related aspects of PO in schizophrenia, and also contribute to a greater understanding of the mechanisms involved in normal PL. A major finding that emerges from a review of the data is that the conditions under which PL of PO does not occur in schizophrenia closely parallel the conditions under which PO is reduced in a single test administration. That is, when stimulus-driven cues to grouping are strong, PL of PO occurs in patients; in contrast, when top-down feedback is required to organize novel or weakly grouped stimuli, PL of PO tends not to occur in patients. Moreover, even with strongly grouping stimuli, change tends to occur only via repetition; when processing of more abstract cues is required to generate top-down feedback, change tends not to occur. In addition, within-session PL in people with schizophrenia appears to be more impaired than learning over multiple days, supporting the 1789-3186/$20.00 © 2011 Akadémiai Kiadó, Budapest Learning & Perception 1 (2009) 2, pp. 229-261 DOI: 10.1556/LP.1.2009 Correspondence concerning this manuscript should be addressed to Steven M. Silverstein, University of Medicine and Dentistry of New Jersey, 151 Centennial Avenue, Piscataway, NJ 08854; E-mail: silvers1@umdnj.edu separability of fast and slow plasticity mechanisms; however, more research with a larger class of stimuli is needed on this issue.
INTRODUCTION: PERCEPTUAL ORGANIZATION AND SCHIZOPHRENIA
Perceptual organization (PO) "is the process by which particular relationships among potentially separate elements (including parts, features and dimensions) are perceived (selected from alternative relationships) and guide the interpretation of those elements… in sum, how we process sensory information in context" (Pomerantz and Kubovy, 1986, p. 36) . Originally the focus of the Gestalt psychologists -such as Werthheimer, Kofka and Köhler -PO has been studied extensively since the cognitive revolution in the 1960s. Work done during this second wave of interest has produced an enormous number of insights: that PO can arise from both bottom-up and top-down effects (Quinn and Bhatt, 2009) ; that it operates from early to later phases of perception on multiple forms of representations (Palmer, Brooks and Nelson, 2003) ; that learning and memory play a role (Fine and Jacobs, 2000; Kimchi and Hadad, 2002) ; that there are grouping principles other than those identified by the Gestalt psychologists (Palmer, 1999, pp. 259-261) ; that it develops over time until early adulthood (Kovács, 2000; Kovács et al., 1999) ; that there are neural "signatures" such as synchrony within the beta and gamma bands (Uhlhaas et al., 2009) or "negativity closure" (as revealed by electrophysiological recordings) (Sehatpour et al., 2006) ; and that, as revealed by functional magnetic resonance imaging (fMRI), grouping processes involve activity in specific brain regions and networks (e.g., V1-V4, frontal and parietal attention-control regions and their interaction with visual areas) (Altmann, Bülthoff and Kourtzi, 2003; Bouvier and Treisman, 2010; Ciaramelli et al., 2007; Kourtzi et al., 2003; McMains and Kastner, 2010; Silverstein et al., 2009) . Research also indicates that PO is impaired in certain psychiatric and ophthalmologic conditions such as schizophrenia and amblyopia (Silverstein, 2010) . One disorder in which PO impairments have been consistently demonstrated is schizophrenia. Schizophrenia is a severe psychiatric disorder that occurs in 1% of the population worldwide and is typically diagnosed in late adolescence or early adulthood. It often leads to lifelong disability in social and vocational functioning, and is characterized by a mixture of positive, negative and disorganized symptoms (American Psychiatric Association, 1994; Silverstein, Spaulding and Menditto, 2006) . Positive symptoms are those that are added on to normal functioning and include auditory hallucinations and paranoid beliefs. Negative symptoms reflect a reduction in normal functioning, and include a reduction in anticipatory pleasure, amount of speech, amount of social interaction, and facial expression of emotion. Disorganized symptoms reflect a fragmentation in functioning; these include incoherent speech and thought, out-of-context gestures and movements, and facial expressions inappropriate to what is being thought or felt. While schizophrenia is diagnosed on the basis of these symptoms and a decline in functioning, perceptual deficits are core features of the illness, especially those having to do with the organization of the proximal array (Chapman, 1966; Butler, Silverstein and Dakin, 2008) . Studies of PO in schizophrenia -which go back to the 1960s (Snyder, 1961; Snyder, Rosenthal and Taylor, 1961 ) with a rapid increase since the 1980s -have been reviewed elsewhere (e.g., , but some of these findings are worth recapitulating as they are particularly robust and will aid the evaluation of other data discussed below. The key findings can be summarized as follows.
1. PO impairment is most pronounced when the stimuli are novel, fragmented, and/or noisy, when top-down input is required, and when strong stimulus-driven cues are lacking; 2. PO impairment is found mainly among patients who have a long history of poor premorbid (pre-illness) social functioning (e.g., few friends or intimate relationships in childhood and adolescence); 3. The presence of PO impairment predicts poor prognosis; 4. PO begins as normal in people at high-risk for the disorder and even among patients at their first psychotic episode, but deteriorates thereafter; 5. It is significantly correlated with reduced organization in other domains such as thought and language (e.g., disorganized and incoherent speech); 6. It is most pronounced when patients have moderate-high levels of disorganized symptoms, and approach normal levels as these symptoms resolve during treatment; 7. It is unrelated to medication dose and has been found in medicated and unmedicated patients; 8. It is not due to the general performance deficiencies and poor motivation found in many patients, since patients performed better than control subjects on certain tasks where PO could impair task performance; 9. In EEG studies, the behavioral impairment is associated with reduced amplitude of a waveform that has been termed "negativity closure" (NCl) (Sehatpour et al. 2006) , as well as a reduction in synchronized oscillations within the beta and gamma bands (Spencer et al., 2003 (Spencer et al., , 2004 Uhlhaas et al., 2006a) ; and 10. In fMRI studies, patients demonstrated reduced activity in visual cortex regions relevant to PO (e.g., V2-V4) and object-based attention (e.g., frontal and parietal regions) (Silverstein et al., 2009 ).
Despite extensive documentation of PO impairment in schizophrenia, far less is known about the extent to which it can be improved in the short-or long-term. The purpose of this paper is to review literature on this issue. Understanding the capacity for change in PO in schizophrenia will elucidate the extent to which basic perceptual processes can be ameliorated in this disorder, and also contribute to a greater understanding of how PO and perceptual learning (PL) occur in healthy individuals. The latter is important because, despite an emerging understanding of PL, many questions about its mechanisms remain (Yotsumoto, Watanabe and Sasaki, 2008) .
The discussion below is divided into two parts. In the first part, non-clinical literature on PL and PO is reviewed with a special focus on those findings relevant to interpreting findings on change in PO in schizophrenia. In the second part, research on improvement in PO in schizophrenia is reviewed, with links being made to what these data may mean in light of what is known about plasticity, PL, and state-related change from the non-clinical literature.
PERCEPTION AND LEARNING
There is an increasing appreciation that perception is an experience-dependent process (Sagi, Kovács and Racsmány, 2009 ). Indeed, some have drawn the profound conclusion that perception cannot even be separated from learning; that the two are intimately linked. For example, Laurent (2010) noted that: a) perceptual recognition would not exist without the influence of stored templates and representations to guide classification, comparison and interpretation; b) a function of learning is to increase the efficiency of perceptual processing; and c) the mechanisms underlying perception should express the requirements imposed by learning, storage and recall and vice versa. As evidence, the mechanisms underlying both PO and PL (and perhaps other forms of learning as well) plausibly involve adaptive changes in connection with strengths between neurons exhibiting correlated firing activity (Fuster, 2005; Phillips and Singer, 1997; Kay and Phillips, 2010) . These changes may underlie the representation of spatiotemporal regularities in the distal environment (Löwel and Singer, 2002 ) -a form of representation for which there is evidence of impairment in schizophrenia (Hemsley, 1994) .
There is now a large body of experimental data demonstrating PL in healthy people. To date, learning effects have been demonstrated for vernier discrimination (Poggio, Fahle and Edelman, 1992) , common object recognition (Furmanksi and Engel, 2000) , complex pattern discrimination (e.g., Fine and Jacobs, 2000; Sowden, Davies and Roling, 2000) , visual search (Ahissar and Hochstein, 1996) , and texture discrimination (Karni and Sagi, 1991) , among others. Training improvements have been shown to last hours and even years later (Karni and Sagi, 1993) . Until recently, however, there has been relatively little research focused on experience-dependent improvement in PO (though see below). For example, a search on www.pubmed.gov (as of 27 October, 2010) revealed that the intersection of "perceptual learning" and "perceptual organization" yielded only 2 items even though each term by itself generated over 500 entries! Despite this, we show that there actually is a reasonable amount of data on the topic. Before diving into the relevant literature, we first discuss the proposed mechanisms of PL.
Mechanisms of perceptual learning
Although we are not yet at a point where a single, comprehensive model of PL can be fully specified (Herzog and Fahle, 2002) , recent work has begun to identify biologically plausible mechanisms for learning. We do not attempt to summarize the entire large and growing literature on this issue here, but rather, discuss only those views that we believe are of relevance to understanding PL of PO in schizophrenia. One model that is particularly relevant is that of Lu and Dosher (2009) . These authors suggested that PL involves two mechanisms: external noise exclusion and stimulus enhancement. Both are relevant to learning PO, especially in contour integration tasks and others where background distractors are present. Both mechanisms are seen as reflecting re-weighting of stable early sensory representations for later processing and augmented Hebbian learning. This is similar to earlier views that PL involves the enhancement of the integration of relevant object features and their segmentation from background noise (e.g.., Brady and Kersten, 2003; Gilbert, Sigman and Crist, 2001 ; reviewed in Kourtzi, 2009 ). Lu and Dosher's (2009) view is also supported by recent fMRI data indicating that grouping mechanisms that enhance phenomenological salience, and competitive interactions that inhibit phenomenological salience of stimuli outside the attended group, occur simultaneously in early visual cortex and V4 (McMains and Kastner, 2010) . Moreover, electrophysiological studies indicate that PL is related to increases in: the synchronization of oscillatory activity of neurons responding to the features of the target object; and de-synchronization of neural responses coding distractor elements (Erickson, Jagadeesh and Desimone, 2000; Jagadeesh et al., 2001; Singer, 1997, Teich and Qian, 2010) . Finally, this theory is consistent with evidence that long-range, excitatory, spatial interactions between neurons are experience-dependent and that both excitatory and inhibitory effects are involved in PL and can be changed with practice (Zenger and Sagi, 2002) .
Functional MRI (fMRI) studies have generated other important information on the neural mechanisms underlying PL. For example, fMRI studies suggest that tuning of activity in visual areas can occur based on top-down feedback from parietal and frontal areas (Roelfsema, 2006; Büchel, Coull and Friston, 1999) . It has also been shown that -with increased object familiarity -fewer neurons respond (as observed via fMRI BOLD signal decreases) (Yotsumoto, Watanabe and Sasaki, 2008) and neurons become more narrowly tuned (Rainer and Miller, 2000) . Learning to better utilize basic feature information (e.g,, vernier acuity and texture segregation) may involve changes primarily in V1 or even earlier, whereas learning for more complex tasks like visual search -which generalizes over tasks, locations, size, and eyes (Sireteanu and Rettenbach, 2000) -typically involves changes in higher areas such as IT (although changes have been observed in early visual areas as well in more complex PL tasks, cf., Ahissar and Hochstein, 1996; Furmanski and Engel, 2000; Sheinberg and Logothetis, 2002) .
In addition to these perceptual mechanisms, Lu (1999, 2009) hypothesized the importance of a decision or response unit in which the reweighting of specific representations during decision processes is a determinant of observed PL. This view is supported by evidence that attention-gated, top-down mechanisms modulate responses in V1 by retuning read out signals, rather than by changing the encoding of the stimuli (Kourtzi, 2009 ; see also Ahissar et al., 1998) . Dosher and Lu's hypothesis fits well with that of Sinha and Poggio (2002) , who posit a mechanism operative in PL wherein the visual system "learns" an algorithm specific to a class of objects by associating an ideal output to the input. Indeed, it has been proposed that modifications at the output level account better for PL data than modifications of sensory representations (Ahissar et al., 1998) . It seems that the most likely scenario is that both lower and higher cortical areas are involved in learning, with a critical determining factor being task difficulty. According to reverse hierarchy theory, easy learning begins in higher-level areas whereas learning more difficult perceptual discriminations can result in access to, and changes in, activity in lower areas (and also in lack of transfer to novel stimuli) (Ahissar, 1999; Schiltz et al., 1998) . An implication of these data is that PL does not involve only changes in activity (e.g., firing rates) in sensory cortex, but can also make use of fine-tuning of decision and response processes. This is relevant to schizophrenia since reduced activity in brain regions subserving decision and response processes has already been demonstrated during performance of a PO task (Silverstein et al., 2010b) , thereby further suggesting the possibility that patients' impairments in PL of PO could involve perceptual or post-perceptual processes, or both.
An important process relevant to PL is sleep. Karni et al. (1994) , and Mednick et al. (2002) demonstrated that REM and slow-wave sleep between training sessions are important for consolidation to occur. However, within-session practice effects have also been observed and so not all learning requires sleep. Stickgold, James and Hobson (2000) proposed three stages in PL of a visual discrimination task: 1) within-session practice effects; 2) improvement due to early night slow wave sleep (SWS); and 3) improvement due to late night rapid eye movement (REM) sleep. Below, we will argue that -although sleep is relevant to understanding learning -it likely cannot explain differences in PL of PO between people with schizophrenia and other people.
Learning of perceptual organization
A number of studies suggest that PO can be improved with training. For example, Li and Gilbert (2002) demonstrated that when a naïve participant was trained to detect a collinear path composed of spatially segregated edge segments, the individual could tolerate a much larger inter-element spacing over the course of 12 daily training sessions. Although change occurred after day 1, the majority of the change above baseline occurred between days 6-12. Also, of note was that this improvement occurred primarily when the contour element spacing was of intermediate magnitude. When the elements were further apart (>6 deg), no amount of training could lift performance from chance; when the spacing was small (~0.8 deg), the contour was already close to popping out so that performance was near ceiling at the task outset. This is important: it suggests that any impairments in learning PO should be most apparent when the elements group together, but only weakly. In a later contour integration study, Li, Piëch and Gilbert (2008) showed that both behavioral performance and V1 activity in monkey increased with training. These training effects were abolished when potential top-down influences were eliminated with anaesthesia, underscoring the high value of top-down influence. Also, Pennefather et al. (1999) reported small improvements in contour integration across two testing sessions in both healthy and amblyopic adults and children. Zhou et al. (2008) similarly showed that subjects could improve in their ability to discriminate fat and thin interpolated shapes over the course of many trials.
Other studies have also demonstrated top-down influences on PO, which is relevant to the issue of the effects of prior experience on PO. For example, recovery of 3-D shape and contour structure from 2-D line drawings is influenced by higher-level object knowledge Poggio, 1996, 2002) . Another demonstration of this point is Dallenbach's (1951) now-classic puzzle-picture, in which perception of the cow is determined partly by the mental set of the observer (see Figure 1) . Many observers will not see any coherent shape in the image initially, but upon being given appropriate clues, will quickly see the animal's picture emerge. Once subjects see the picture as containing the cow, they cannot help but see the farm animal in all subsequent viewings of the stimulus, indicating that learning PO can sometimes be permanent.
Priming data also highlight the relevance of past experience to grouping. Early grouping behavior for an impoverished letter stimulus benefits from prior exposure to similar appearing stimuli (Kimchi and Hadad, 2002) . Similarly, Zemel et al. (2003) showed that subjects would come to treat severely misaligned, spatially-separated segments as belonging to the same object if those segments were previously shown as being connected. In addition, studies have found ERP evidence for early effects of past experience on figure-ground segregation (Trujillo et al., 2010) and identification of fragmented objects (Viggiano and Kutas, 2000) .
Finally, PO, especially earlier kinds, may require certain sorts of experiential input to develop normally. For example, an individual blind from 3.5 years of age was restored sight as a 43-year-old adult and retained only some aspects of visual functioning. He was severely impaired at integrating discrete line segments into a uniform contour, seeing Kanizsa shapes, and segregating overlapping transparent surfaces (Fine et al., 2003) . On the other hand, the newly sighted man was not impaired at many higher-level visual functions such as detecting shape from shading, seeing biological motion, and identifying outline shapes. This suggests that some sorts of PO -to be sustained -require experiential input over time.
The foregoing studies imply four conclusions: i) most importantly, PO learning can and does occur; ii) such learning strongly depends on top-down modulation of visual cortex; iii) the majority of performance improvement may develop only after several days, and iv) elements that are best learned in this way are those that group weakly. Because PO itself can primarily be bottom-up (e.g., based on collinearity or correlated orientations -although these linkages may, depending on the nature of the stimulus, need to be augmented by re-entrant processing from later visual and parietal areas, and attention) or be determined by top-down influences (e.g., involving memory and expectations), change in PO dysfunction in schizophrenia may result from a range of bottom-up and top-down factors. In the next section, we re- Dallenbach's (1951) cow photograph. This is a classic example of how knowledge drives perceptual organization. Once the photograph is seen as a cow (facing towards the viewer), it is virtually always and automatically perceived that way view the literature on plasticity of PO in schizophrenia, with the goal of reaching conclusions about which mechanisms are likely to be impaired in this disorder.
FINDINGS ON SCHIZOPHRENIA

Schizophrenia and plasticity of perceptual organization
Within-session learning of PO
The earliest evidence of reduced learning of PO in schizophrenia comes from Place and Gilmore (1980) . These authors showed that when patients and controls attempted to count the number of briefly-presented (i.e., for 20 milliseconds) lines, under three conditions of decreasing line organization, patients performed better than controls in the two most poorly organized conditions and better overall than controls. In this case, intact PO in controls seemed to interfere with line counting in the less organized conditions, whereas patients used the same serial counting strategy in all conditions. However, across the session, there was a trend for controls to improve performance whereas the performance of patients did not benefit from repeated exposure to the stimuli. Two studies more directly examining within-session training deficits in schizophrenia were performed by Silverstein and colleagues (1998, 2005) . Both used a pattern recognition task (PRT), which involved viewing briefly presented (i.e., 100 ms) patterns of 6 asterisks. In , there were 360 trials in which a unique pattern was presented. The other 240 trials consisted of quasi-random presentations of a single symmetrical pattern and a single non-symmetrical pattern. The subject's task was to respond, on each trial, whether the currently displayed pattern was "novel" or "repeating" (note -trials were presented in a different random order for each subject, and each subject had a different pair of repeating patterns chosen from the larger stimulus set). This study demonstrated, across 10 trial blocks, that controls improved performance (i.e., correct discrimination between repeating and novel patterns) for both symmetrical and non-symmetrical patterns. In contrast, schizophrenia patients demonstrated a similar learning curve to controls (although at a lower level of absolute performance) for the symmetrical repeating pattern, but did not demonstrate any learning for the non-symmetrical repeating pattern (see Figure 2) . Moreover, the extent of learning impairment for non-symmetrical patterns was significantly correlated with the level of disorganized symptoms. That is, subjects who were worse at learning the patterns also exhibited more disorganized speech, out-of-context movements, inappropriate affect, etc. This suggests that failure of learning PO was part of a more widespread pattern of cognitive disorganization (Phillips and Silverstein, 2003; see below) . Performance was corrected for response bias (i.e., the extent to which a subject indicated he/she had seen a pattern before on the non-repeating trials), but a limitation of this study was that all of the non-repeating (i.e., unique) patterns were non-symmetrical, which may have increased the difficulty discriminating the non-symmetrical repeating pattern from unique stimuli. Therefore, the study was repeated, with different subjects and stimuli, and the 360 non-repeating stimuli were equally balanced between symmetrical and non-symmetrical stimuli . Under these conditions, control subjects again demonstrated a significant learning curve in both repeating conditions, but the curves were flatter and performance was lower overall than in the earlier study (see Figure 3 , left panel). Among patients, we replicated the main finding of learning only in the symmetrical condition. An important caveat is that the learning effect was far weaker than in the earlier study, and was essentially only observed in Block 2, which was before most of the non-repeating stimuli were presented (see Figure 3 , right panel).
What caused closer-to-normal performance in the symmetric condition and more abnormal performance in the asymmetric? Our explanation hinges on the distinction between the admittedly imprecise notions of "top-down" and "bottom-up" processing. Roughly, top-down processing is that which relies on effort, expectations, strategy, learning, memory, intention, utilities, and attention. Bottom-up processing, by contrast, happens automatically in a data-driven fashion with much less regard to factors like expectations, strategy, attention, etc. The usefulness of this distinction for understanding PO is supported by a host of other studies. For example, McMains and Kastner (2011) showed that, first, attention is required to achieve a stable organization when illusory contour formation does not organize the stimulus field into objects; and second, that when bottom-up grouping cues are salient, top-down influence is limited. Marcus and van Essen (2002) similarly showed that top-down influence -in the form of covert attention -can have little effect on individual neurons responding to the boundaries of well-specified illusory shapes, while Gilbert and colleagues showed that more . Control subjects demonstrated significant learning (recognition performance) across 10 trial blocks for both symmetrical (good form) and non-symmetrical (poor form) repeating stimuli when these were randomly presented within the context of non-repeating stimuli. In contrast, schizophrenia patients, who performed more poorly overall, demonstrated significant learning only for symmetrical stimuli. Note that in this study, all of the non-repeating stimuli were non-symmetrical weakly grouping contours elements are strongly subject to top-down (learning) effects (Li, Piëch and Gilbert, 2008) . A bird's eye view of these results suggests that top-down factors are strongly relevant to grouping, unless the bottom-up cues are sufficiently salient to preclude such effects. With this simple top-down, bottom-up distinction in mind, we suggest the behavior exhibited by patients in the laboratory results from reduced top-down influences to PO. Hence, patients learned to detect repeated symmetric patterns somewhat normally because symmetry is detected pre-attentively (for a review, see Wagemans, 1995) and such detection greatly facilitates task performance. Indeed, symmetry perception in schizophrenia has been shown to be intact . Furthermore, the non-symmetrical patterns were not learned by the patients because such erratic structure could only be recovered through a concerted strategy in which structure, so to speak, must be imposed onto the stimulus from top-down mechanisms (e.g., attention, memory, executive control). We realize that this is only a partial picture of the complex mechanisms underlying PRT task performance, but we do think it is an important starting point from which to further understand the differences (and similarities) between patients and matched healthy controls.
A psychophysically rigorous PO task on which patients have demonstrated normal within-session learning with stimuli with strong stimulus-driven cues involves Gabor-defined shape discrimination, sometimes more simply referred to as "contour integration" (Field, Hayes and Hess, 1993; Kovács and Julesz, 1993, 1994) . Several variants of the contour integration paradigm have been developed, but all involve detecting or making decisions about a Steven M. Silverstein and Brian P. Keane Figure 3 . Learning curves from Silverstein et al. (2005) , in which half of the non-repeating stimuli were symmetrical and half were non-symmetrical. Control subjects again demonstrated significant learning for both good form and poor form stimuli, but these were flatter than in , and performance was lower overall. For schizophrenia patients, they again demonstrated significant improvement only in the symmetrical condition, however, the overall curve was flat except for improvement in Block 2. This suggests that while memory guides perceptual organization better for good than for poor form stimuli, the guidance was weak when discriminations among good form stimuli were required set of Gabor elements embedded in a field of randomly oriented Gabors. In one version, a snake-like path of Gabors must be detected (Field, Hayes and Hess, 1993) . This version places relatively greater demands on local grouping mechanisms, and has been used to identify a contour integration deficit in a subgroup of people at high-risk for schizophrenia (Uhlhaas et al., 2004) . In another version of the task, subjects must detect and trace a circular contour Pennefather et al. 1999 ). This version allows for shape-related effects and taps into higher-level organization in addition to local ones. It has also been used to detect contour integration impairment in schizophrenia (Schenkel et al., 2005a; Schenkel, Spaulding and Silverstein, 2005b; Silverstein et al., 2000; Silverstein et al., 2006b; Uhlhaas, Phillips and Silverstein, 2005) . In a third version of the task -the one most relevant to this section on within-session learning -subjects must indicate whether a subset of Gabor elements forms a closed shape that tapers either leftward or rightward (see Figure 4 ; Kozma-Wiebe et al., 2006; Silverstein et al., 2009 ). Task difficulty is manipulated by randomly jittering the orientations of the Gabor elements defining the target shape. Trials are blocked by degree of orientation jitter. A key finding from a recent study (Silverstein et al., in press ) was that when the 7º jitter block was presented first in the sequence, performance on that block was 10 percent worse than when the 0º jitter block was presented first. This effect obtained comparably for patients and controls. This can be taken to be a sort of PO priming or hysteresis -where prior exposure to strongly grouping configurations can enhance the organization of configurations that tend to group more weakly (Rubin, Nakayama and Shapley, 1997; Anderson, 2007, p. 522; Kellman et al., 2007, p. 505) . Since stimuli in the 7º condition still possessed stimulus-driven grouping cues, this finding echoes those from the PRT studies reviewed above in indicating that -despite grouping impairments in schizophrenia -learning in PO can take place when the stimuli contain sufficient bottom-up grouping cues (and when discrimination between multiple similar forms is not required). An earlier study of the effects of prior exposure on contour integration provides another example of reduced top-down influences on learning of PO. Over four consecutive daily sessions, patients and controls engaged in a task in which they were asked to locate a circular Gabor contour embedded in backgrounds of varying noise density ). On each day of testing, the task was presented under 2 conditions: in increasing order of difficulty (I) and in a random order (R). These two orders were counterbalanced across days and across subjects. A key finding was that, on day 1, controls that received the random-increasing (R-I) sequence had better overall performance (lower detection threshold) than controls that received the I-R sequence. For the schizophrenia group, this pattern did not obtain and there was even a non-significant superiority in the I-R condition relative to R-I (see Figure 5) . The same patterns were observed for both groups on day 2 and so these within-session effects overrode any effects of exposure the prior day, when all subjects received the other sequence (note -sequence effects were absent for both groups on Days 3 and 4). In short, over days 1 and 2, prior exposure, even if in the form of randomly presented stimuli, helped controls when they subsequently viewed the stimuli in a structured (increasing difficulty) order, but patients did not benefit. This paradoxical finding is consistent with the finding that under some conditions, reaction times (RTs) in a simple RT task are longer among people with schizophrenia when the preparatory interval (i.e., the time between the signal that a trial is beginning and the signal to initiate a response) is regular compared to when it is irregular, which is the opposite of what is observed in other people (reviewed in Nuechterlein, 1977) . In both cases, patients demonstrate a reduced sensitivity to information that can help predict the nature, and thereby facilitate processing of, the next stimulus, a form of failure to generate top-down input. Moreover, the data also suggest that regularity, by functioning as an addi-Steven M. Silverstein and Brian P. Keane Figure 4 . Examples of contour integration stimuli. In a recent version of the task, spatially distributed Gabor elements formed a closed egg-shape, and subjects attempted to determine whether the shape pointed left or right (Kozma-Weibe et al., 2006) . Top left = right-pointing stimulus with 0º applied to elements of the contour; top right = left-pointing contour with +/-7º jitter applied; bottom left = left-pointing contour with 11º jitter applied; bottom right = left-pointing contour with 15º jitter applied. The contour integration paradigm was invented by Field, Hayes and Hess (1993) and further developed by Kovács and Julesz (1993, 1994) .
tional source of information, can impair performance in people with schizophrenia (see also Nuechterlein, 1977 for similar conclusions regarding the RT crossover effect noted above). However, it is important to note that patients benefited from regularity when it was in the form of simple repetition of ideal stimuli (e.g., improving scores with 7º jittered stimuli after prior exposure to a block of 0°jittered stimuli, or learning in the PRT symmetrical condition, as discussed above). Their failure to benefit from regularity only occurred when it was of a more abstract form (e.g., whether the same set of stimuli were being presented in the I-R or R-I order).
As is discussed further below, this suggests that, in addition to level of stimulus-driven cues being an important determinant of PO, and PL of PO, in schizophrenia, the degree of concreteness vs. abstraction in the cues from which top-down feedback must be generated is also relevant. Stated differently, patients may be able to use memory to a greater extent than they can use executive functions (e.g., cognitive control, perspective shifting, rule generation) to implement PO. This hypothesis fits with prior data on reduced set shifting to achieve auditory Learning & Perception 1 (2009 2 Changes in perceptual organization 241 Figure 5 . The order × group interaction on Day 1 from Silverstein et al. (2006) . This graph demonstrates that for nonpatient controls, but not for patient groups, subjects who received the stimuli in a random order (R) first [and the increasing-in-difficulty order (I) second] performed better than subjects who received I first and R second. Specifically, among nonpatients (Dx = 4), the R-I group (Condition 2 on X-axis) had a lower detection threshold (indicating superior performance) than the I-R group (Condition 1 on the X-axis). Note that this same effect was observed on Day 2 (graph not shown), even though the group that received the R-I order on that day had received the opposite order on Day 1 (and showed no performance difference between conditions that day), and that the group that received the I-R order on Day 2 (and showed no performance difference) was the group that had shown the performance difference when they received the R-I order on Day 1. Thus, the order effect overrode a practice effect. Among the schizophrenia (Dx = 1) and schizoaffective (Dx = 2) groups, there was no difference between condition orders on the first two days, indicating a lack of benefit from beginning with an unstructured stimulus sequence and moving to a predictable sequence (thresholds for these two groups were actually nonsignificantly lower in the I-R order condition). On Days 3-4, there were no longer condition order effects for any group. Error bars reflect SD PO in schizophrenia (Silverstein, Matteson and Knight, 1996) , and with much data on impaired executive functioning in the illness (Heinrichs, 2001) . It is unclear as to why patients exhibit approximately normal PO (and PL of PO) for strongly grouping stimuli. Normal performance could occur because top-down factors are less important in these cases or because patients more easily deploy top-down processes when the stimulus already suggests a grouping pattern. Regarding the former, evidence described above suggests that top-down factors are not critical for strongly grouped stimuli, and stimuli from the PRT symmetrical condition and the 0º and 7º jitter conditions in which prior exposure effects in the contour integration task were demonstrated can be classified as such. Evidence against the latter is that patients did not generate top-down input, at least in the same form as controls did, in the condition sequencing study noted above. However, more evidence on this issue is needed before definitive conclusions can be reached. Some further clarification can be found in data examining change in performance over multiple days, a topic to which we now turn.
Learning over multiple days
Contour integration performance can improve across multiple days. This was originally demonstrated by Pennefather et al. (1999) , who studied change across two days in healthy and amblyopic children and adults. More recently, Gerván and Kovács (2010) demonstrated the importance of consolidation during sleep for these learning effects (which are greater, for example, across 12 hours when sleep occurs between sessions than across an identical temporal interval during the same day). In a study of schizophrenia, Schenkel et al. (2005a) found schizophrenia patients exhibited improvement across three consecutive days on a contour integration task (note -healthy control subjects were not included in this study). In this task, signal-noise ratio (i.e., ratio of the average distance between adjacent background elements relative to the average distance between adjacent contour elements) was decreased systematically with each stimulus, but all embedded Gabor contours were circular (i.e., of "good form", Garner, 1970) and relatively easy to see at least for the first half of trials. Silverstein et al. (2006b) found that over the course of four days both patients and healthy controls improved significantly on the same task, and the rates of improvement did not differ between groups. It is noteworthy that the Silverstein et al. study gave the test twice each day over four days and achieved similar rates of change in patients and controls from first to last testing to that in Schenkel et al. (2005a) where the test was administered to patients once a day for three days. Learning improvement was also similar to that of Pennefather et al. (1999) where the test was given to healthy and amblyopic children and adults once for each of two days. In all cases, the rate of change varied around a small reduction in threshold (0.05), reflecting an ability to perceive contours at slightly lower signal:noise ratios. These findings are consistent with those of Li and Gilbert (2002) indicating significant change, albeit modest, in contour integration over time, at least prior to six days of training. In short, controls and patients demonstrated similar, but small, degrees of improvement over time on a contour integration task. This is another example of a patient-control similarity in rate of change when a single stimulus type, with "good form" is used (i.e., circular contours).
Recent re-analyses of the data from two of the studies cited above indicate that there were no differences between patient subgroups in amount of performance improvement over time. Schenkel et al. (2005a) examined schizophrenia patients with and without histories of physical and/or sexual abuse (experiences associated with dysregulated hypothalamus-pituitary-adrenal axis activity, chronically elevated cortisol level and cell death and volume reduction in the hippocampus) and found that patients with abuse histories performed more poorly on the task overall; however, there was no difference between the groups in terms of change over time. Silverstein et al. (2006b) examined severely disabled patients who had been in state psychiatric hospitals for many years and compared them to patients who were living in the community or who were about to be discharged after brief hospital stays. Consistent with past findings that abnormal PO predicted longer hospital stays , the long-hospital-stay group performed more poorly overall. However, again, the different groups of schizophrenia patients did not differ on degree of change over time (see Figure 6 ).
The evidence discussed in this section converges with that described in 3.1.1 on within-session learning effects: PL occurred across multiple days among people with schizophrenia for stimuli that were of good form. Because the specific form of multiple-day PL involved an improved ability to perceive fragmented Gabor-defined circular contours against increasingly noisy backgrounds (as opposed to, for example, increased recognition of a single stimulus in the PRT), it is possible that this reflects an increased use of top-down feedback by patients over time, in the form of a greater ability to apply a representation of an intact circular contour (i.e., to achieve a match between this template and incoming visual information). This Figure 6 . Performance changes in a contour integration performance over 4 days among 5 groups: acute schizophrenia, chronic schizophrenia, acute schizoaffective disorder, chronic schizoaffective disorder, and healthy control groups. Day (1-4) is plotted on the x-axis and Delta is plotted on the y-axis. Delta corresponds to the distance between adjacent target elements divided by the distance between adjacent distractor elements. The main effect of day is significant. The interaction of group × day is not significant. These data are from a re-analysis of data originally presented in Silverstein et al. (2006b) is admittedly speculative, although consistent with Li, Piëch and Gilbert's (2008) finding that more weakly grouping contour elements are most strongly subject to top-down (learning) effects. What makes this case ambiguous is that the basic form of the stimulus (circular) is good, while the signal:noise manipulation reduces its stimulus driven cues to grouping; thus it is somewhat unclear here as to whether to consider top-down influences as operating on strongly or weakly grouped stimuli. Regardless, further studies are needed to clarify the role of top-down factors in improvements in PO of stimuli with strong cues to grouping in people with schizophrenia. Similarly, research is needed on PL for weakly grouped stimuli over multiple days, and on the relative contributions of bottom-up and top-down effects on PO under these conditions.
Effects of treatment on perceptual organization in schizophrenia
The studies cited above focused on change over 1-4 days, and can thus be viewed as assessing change among subjects whose brain functioning is stable over the (brief) time periods examined. Research has also examined change over time among people undergoing treatment for, and recovery from, acute psychotic episodes, where overall brain functioning is changing significantly between the time points. This research offers a further perspective on plasticity of PO in schizophrenia in that it elucidates the changes in brain activity that underlie PO and perhaps the learning of PO. As an example, examined contour integration at two time points: upon admission to an acute-care (i.e., short-term) inpatient unit and then again just prior to hospital discharge, which was typically 23 (SD = 22.2) days later. There were significant subgroup effects. For example, schizophrenia patients with disorganized symptoms demonstrated significant improvement over time in the circular contour detection version of the contour integration task (Silverstein et al., 2000; . In contrast, stable performance over time was demonstrated by: schizophrenia patients without disorganized symptoms, patients with psychotic symptoms with disorders other than schizophrenia (i.e., bipolar disorder with psychotic features), and non-psychotic psychiatric patients (e.g., with substance abuse or personality disorders). It is important to note here that the disorganized schizophrenia group also performed most poorly at hospital admission and so, essentially, their performance normalized during the course of treatment whereas the other groups' performance remained the same. Interestingly, the magnitude of improvement for the disorganized schizophrenia group was consistent with that of studies of improvement over consecutive days (i.e., a change of 0.05 in signal:noise units for detection threshold), whereas the other groups improved less than in those other studies, presumably due to less consistent experience with the stimuli (i.e., only seeing it twice, 3 weeks apart).
Life experience and perceptual organization
Schizophrenia patients and people at risk for schizophrenia have demonstrated more veridical perception (compared to controls) of the size of the inner circle in two studies using an Ebbinghaus illusion task Uhlhaas et al., 2004 ) (see Figure 7) . More-over, in both studies, reduced sensitivity to the illusion (i.e., more accurate size judgments) was related to a greater degree of disorganized symptoms, which was similar to what was found in the contour integration tasks noted above. The Ebbinghaus illusion data are relevant to learning because susceptibility to the illusion appears to require experience with judging perspective in pictures or with internalizing scene statistics (Howe and Purves, 2004) . For example, children are less immune to the illusion than adults (Doherty et al., 2010) . There are at least two possible explanations for why patients (especially with disorganized symptoms) tend to show a reduced Ebbinghaus illusion effect: 1) they are poor at learning size/distance relationships from an early age (presumably due to a neurodevelopmental abnormality that contributes to the development of schizophrenia); or 2) the illness interferes with the ability to apply the knowledge of these relationships in a top-down fashion when making perceptual judgments. Future studies will need to determine the extent to which each of these two alternatives is correct. Further evidence that is consistent with reduced learning among schizophrenia patients on the Ebbinghaus task comes from a recent study comparing deaf and hearing schizophrenia pa- Figure 7 . Examples of stimuli from an Ebbinghaus illusion task. On each trial, subjects attempted to determine whether the central circle on the left or right was larger. Control trials (not shown) involved only the central circles tients (Horton and Silverstein, submitted) . In this study, deaf adults with schizophrenia showed the illusion to the same extent as healthy subjects in past studies, whereas hearing patients demonstrated less of an illusion effect (more veridical size judgments), replicating the findings of the two studies discussed above. This finding may be partly explained in terms of attentional differences associated with using sign language. More specifically, mentally healthy deaf people allocate greater attention to peripheral visual stimuli than do hearing people (Dye, Hauser and Bavelier, 2009; Proksch and Bavelier, 2002 ) and this differential deployment of attention may increase the strength of the illusion (Shulman, 1992) -in this case, overriding the effects of schizophrenia. It is important to note, however, that signing by itself cannot explain the entire effect since some of the cognitive changes associated with deafness are related to cortical reorganization secondary to lack of auditory input (Proksch and Bavelier, 2002) . To the extent that some of the effects among deaf schizophrenia patients are due to relying solely on sign language as a means of communicating, however, this is further evidence that experience can reduce the extent of PO impairment in the illness. Finally, regardless of the explanation for the normal illusion effect in deaf patients, the Ebbinghaus illusion data in hearing schizophrenia patients support the idea -proposed above -that top-down feedback to, and learning of, PO become more impaired as higher-level cognitive factors become more important. For example, the illusion is generated not via a feature binding process such as occurs with contour integration, but secondary to a higher-level cognitive comparison process (Coren, 1971, Coren and Aks, 1990; Coren and Enns, 1993) . However, definitive studies need to be done that examine and compare various top-down effects on PL of PO in schizophrenia, ranging from simple prior exposure to those involving regularity of presentation and other more abstract cues.
CONCLUSIONS
The discussion below will: 1) summarize the computational mechanisms involved in PO modification in schizophrenia; 2) discuss potential biological mechanisms underlying PO plasticity; and 3) outline how these effects fit within our current understanding of plasticity of brain function in healthy and schizophrenia populations.
Computational mechanisms 4.1.1 Perceptual processes
In general, studies of change in PO in schizophrenia parallel those studies that did not examine change, in terms of when performance is normal or impaired. Patients demonstrate relatively normal learning of PO when the stimuli possess strong or intermediate cues to grouping, but impaired performance when the stimuli are more novel, weakly grouped, and/or non-symmetrical. In the latter case, grouping must be achieved by imposing organization on the stimulus. Making sense of -and acting optimally on -such forms requires the individual to draw on past experience to form appropriate expectations about the stimuli, to discover the behavioral significance of patterns therein, and to allocate attentional strategies that make use of the foregoing. These sorts of processes appear to be impaired in schizophrenia.
However, the strength of stimulus-driven grouping is not the only determinant of PO learning; the level of abstraction required to generate top-down feedback also matters. For example, performance with simple, strongly-grouping stimuli improves after repeated exposure, but similar improvement is not found when the only task-related cues are less concrete (e.g., whether stimuli are presented in increasingly more or increasingly less structured orders).
An unresolved issue is the extent to which reduced top-down feedback to PO in schizophrenia is secondary to inadequate perceptual grouping. In other words, bottom-up failures in element linking may preclude formation of a representation of a perceptual group in the first place, which would then preclude learning of such a representation. We believe that some findings of top-down processing failures in PO learning in schizophrenia can be explained in this way, especially given consistent findings of poorer overall performance even on simple contour integration tasks (e.g., Silverstein et al., 2000 Silverstein et al., , 2009 , and evidence that basic contour linking is impaired (Kéri et al., 2005; Must et al., 2004 ) even when attention is normal (Keri et al. 2009; cf. Freeman and Driver, 2005; Driver, 2001, 2004; Freeman et al., 2003 for evidence on the role of attention in contour linking). This evidence suggests basic bottom-up failures of PO in schizophrenia. However, evidence does exist also for a relatively "pure" failure of top-down input; in Silverstein et al. (2006b) , acute (but not chronic) schizophrenia patients demonstrated normal contour integration and even the same degree of improvement over 4 days as controls suggesting an intact ability to organize the stimuli, but both patient groups were still insensitive to the effects of random versus sequential stimulus presentation on contour integration within single sessions. This finding that task performance for the same stimuli is intact in certain contexts but impaired in others strongly suggests a failure of top-down influence on PO. Therefore, we conclude that there are multiple contributors to impaired PL of PO in schizophrenia, and that these are the same factors responsible for the PO impairment in general, namely: 1) a weakening of bottom-up feature binding, which can lead to reduced transient attention to the contour, and reduced quality of re-entrant activity from parietal and frontal areas to visual cortex (cf. Bouvier and Treisman, 2010) ; 2) and reduced top-down feedback in the form of reduced sensitivity to task context, including stimulus presentation and environmental regularities.
Importantly, we do not see reduced PO and PL of PO as due to the general effort-related, sustained attentional disturbance in schizophrenia (see Heinrichs and Zakzanis, 1998; Heinrichs, 2001; Nuechterlein, 1977 for reviews) . This is because: a) in cases where stimulus grouping would interfere with task performance, patients perform better than controls overall; b) patients demonstrate normal PL of PO when there are stronger cues to grouping; and c) patients and controls benefit similarly on contour integration tasks from prior exposure to ideal stimulus exemplars -all of which are inconsistent with a general sustained attention deficit explanation of PO impairments in the illness. Rather, in our view, it is a specific aspect of feedback or gain control, likely related to attention albeit in an admittedly imprecise way at this point, that is involved in PO disturbances in schizophrenia: this being that weaker PO for forms with few stimulus-driven cues to grouping causes a reduction in grouping-initiated feedback (from temporal, parietal and frontal areas) to maintain and enhance the salience of the emergent perceptual group. This is consistent with neuropsychological data suggesting that: a) activation within the temporo-parietal junction is necessary for target-noise segregation when global perception cannot be achieved via local cortico-cortical interactions (Piccini et al., 2003) ; and b) the prefrontal cortex is necessary to main a representation of visual stimuli in extrastriate visual areas (Barcelò, Suwazono and Knight, 2000; Windmann et al., 2006) . A remaining issue for future research is the extent to which there are conditions under which PO, and consequently PL of PO, impairments in schizophrenia are due purely to bottom-up factors. Regarding this, it should be noted that while that PO without attention can occur for extremely simple input (Razpurker-Apfelt and Pratt, 2008) , schizophrenia patients have thus far demonstrated normal performance with similar stimuli (Carr, Dewis and Lewin, 1998; Cox and Leventhal, 1978) , although this has not yet been demonstrated in a PL context. Importantly, it will also be useful to refine our concepts of top-down and bottom-up processing as it relates to PO, and to clarify how less effortful and more effortful forms of attention fit within these processes.
Finally, recent models of PL highlight the role of top-down mechanisms modulating visual cortex responses by reweighting specific representations in decision or response units , retuning read-out signals (as opposed to changing the way stimuli are encoded) (Kourtzi, 2009) , or learning an algorithm wherein an ideal output is associated with specific patterns of input (Sinha and Poggio, 2002) . Evidence of impaired learning, decision making and response preparation in schizophrenia (e.g., Heerey, Bell-Warren and Gold, 2008) , including during PO tasks (e.g., Silverstein et al., 2010b) indirectly suggests that these hypothesized processes are impaired in the learning of PO.
Neurobiological mechanisms 4.2.1 Excitation and inhibition
Recent models of PL highlight both stimulus enhancement and (external) noise exclusion mechanisms ) and this corroborates findings that both inhibitory and excitatory processes can be affected by practice (Zenger and Sagi, 2002) . To date, however, while evidence for both reduced excitatory and inhibitory activity has been found in schizophrenia, the extent to which each contributes to PO, and PL of PO, in the illness is either ambiguous or lacking. For example, there is evidence for reduced synchrony during PO tasks among schizophrenia patients (Uhlhaas et al., 2006a) but this result can be explained in a number of different ways: a) reduced excitatory activity, in the form of NMDA-receptor hypofunction, limiting the formation of long-range horizontal connectivity between pyramidal cells in visual cortex; b) reduced GABA-ergic (inhibitory) interneuron activity limiting the extent of possible noise exclusion; c) reduced interneuron activity secondary to reduced excitatory input onto them from pyramidal cells; and/or d) reduced acetylcholine release, which serves as a setting condition for NMDA-receptor functioning (Friston, 2005; Uhlhaas and Singer, 2006; Uhlhaas et al., 2009) . The data do not uniquely support one of these alternatives over the other at this point.
Moreover only a small number of perception studies have provided direct data on reduced inhibition and excitation in schizophrenia. For example, in the contrast-contrast effect (Chubb, Sperling and Solomon, 1989) , for a given spatial frequency band, subjects tend to misjudge the contrast of a patch of blurred luminance noise when it is surrounded by noise of a different contrast. The explanation is that the responses of spatial-frequency tuned neurons to the central patch are normalized (inhibited) by similarly-tuned, nearby neurons responding to the surround. Such inhibition is reduced in patients (Dakin, Carlin and Hemsley, 2005) , at least if they are lower-functioning (Silverstein et al., 2010a) . In a related study, patients were less affected by orientation in the surround when judging the contrast of an oriented luminance grating. This result was attributed to reduced surround inhibition, secondary to a reduction in GABA (an inhibitory neurotransmitter) concentration in visual cortex, as measured by magnetic resonance spectroscopy .
Altered neurotransmitter activity
In our view, one of the more plausible theories of cognitive/perceptual dysfunction in schizophrenia implicates hypofunction of NMDA glutamatergic receptors; these receptors are normally associated with excitatory connectivity and the formation of neuronal networks such as those involved in implementing PO. In the next two paragraphs, we summarize the evidence for this theory and discuss its relevance for understanding PL of PO in schizophrenia.
As noted above, the degree of improvement in PO was significantly correlated with a reduction in disorganized, but not positive or negative symptoms. The strong link between 'perceptual disorganization' and clinical disorganization supports multiple studies by various research groups linking PO deficits and disorganized symptoms in cross-sectional investigations (reviewed in ; see also Uhlhaas et al., 2006b ). Silverstein and Schenkel (1997) and Phillips and Silverstein (2003) proposed that all of these forms of reduced cognitive organization (i.e., fragmentation in perception, thinking, motor activity, and affective output) have their basis in reduced contextual modulation of cognitive activity. This is thought to lead to a predominance of feedforward activity relative to contextually modulated, or higher-order, representations, such as those normally generated by PO, selective attention, lexical disambiguation, and abstract reasoning. Moreover, these authors proposed that these multiple forms of disorganization in schizophrenia reflect hypoactivity of NMDA-receptor functioning and perhaps also reduced inhibitory activity of parvalbumincontaining GABA-ergic interneurons (secondary to reduced NMDA-mediated excitatory input onto interneurons) (see Roopun et al., 2008,; Spencer, 2009; and Uhlhaas et al., 2008 for reviews) . Several lines of evidence point to NMDA receptor hypofunction in schizophrenia (Olney, Newcomer and Farber, 1999) , and this abnormality is considered a major contributor to reduced synchrony of beta-and gamma-band oscillations in schizophrenia (reviewed in Lisman et al., 2008; Uhlhaas and Singer, 2006; Uhlhaas et al., 2009) , which, in turn, are associated with reduced PO in this illness (Spencer et al., 2003 (Spencer et al., , 2004 Uhlhaas et al., 2006a) . This view is supported by the known links between PO and synchrony in healthy humans and animals (Phillips and Singer, 1997; Singer, 1995) . Indirect evidence for the role of NMDA receptor hypofunction in PO impairments in schizophrenia comes from a study by Uhlhaas et al. (2007) on the effects of ketamine on contour integration in non-psychiatrically ill adults. Ketamine is a drug that produces psychotic symptoms and that blocks activity at NMDA receptors. Uhlhaas et al. (2007) demonstrated that on the night of ketamine use, users were impaired on contour integration, whereas after three days of non-use, performance improved to within the normal range. The implication of all of this evidence is that treatment-related improvement in PO -along with treatment-related reduction in disorganized symptoms -is due to an increased ability of patients to integrate information in a context-driven fashion, in multiple perceptual and cognitive domains.
The view of NMDA receptor hypofunction as the biological basis for PO impairment in schizophrenia is also relevant to PL of PO because NMDA receptor activity has been implicated in both fast-acting plasticity (e.g., that can support PO), as well as longer-term changes including long term potentiation (LTP) and learning effects (Kay and Phillips, in press; Phillips and Singer, 1997) . The multiple roles of NMDA receptor activity in perception and learning, which take place at very different time scales, may be a function of the subclass of NMDA receptor involved in each process (Cull-Candy and Leszkiewicz, 2004; Kay and Philips, in press; Phillips and Singer, 1997; Yashiro and Philpot, 2008) . A common basis for PO, and PL of PO, in schizophrenia could account for why patients appear to be most impaired in both domains under the same conditions: when factors beyond stimulus-driven cues to grouping are required for PO. It is important to note here that findings that patients can group and learn to group visual stimuli under some conditions indicates that the modulatory activity provided by NMDA receptors is weakened, but not absent.
Sleep
The normal rate of change over time on some PO tasks argues against failures of sleep-dependent learning mechanisms in schizophrenia. The pattern of change vs. no-change over time on PO tasks in schizophrenia appears to most simply be explained in terms of stimulus and task factors (e.g., grouping strength) as noted above. A notable counterexample may be motor learning impairments (Manoach et al., 2004) . However, since motor learning was found to be intact within-session but impaired across days -which is the opposite of the PO change data reported here -data on motor and PL in schizophrenia may not be directly comparable.
Treatment implications
The findings on PO plasticity in schizophrenia have implications for pharmacologic treatment. As noted above, acetylcholine is important for PL (Friston, 2005) , especially in: enhancing communication between early and late visual mechanisms (Herzog and Fahle, 2002) ; mediating NMDA receptor plasticity (Gu, 2002; Sabatino et al., 1999) ; and enhancing GABA-mediated synchrony (Maggi, Sher and Cherubini, 2001) . It has also recently been demonstrated that acetylcholine release facilitates long-term enhancement of visual evoked potential amplitude in rat V1 (Kang and Vaucher, 2009) . This is relevant to schizophrenia be-cause many medications used to treat psychotic symptoms, as well as medications used to treat the side effects of antipsychotic medication, block acetylcholine receptors. These have been shown to significantly impair attention, declarative memory and visual memory in the disorder (Minzenberg et al., 2004) , thereby potentially limiting PL in schizophrenia. A key implication of these data is that medications with minimal anticholinergic load will allow for greater PL. It is also possible, although untested to date, that medications that enhance cholinergic activity may facilitate PL by enhancing excitatory (NMDA-related) and inhibitory (GABA-ergic) mechanisms. Such indirect approaches to PL are important because, for example, direct stimulation of NMDA receptors is not possible, due to the high potential for neurotoxicity and cell death. Moreover, effective modulators of GABA activity that target cognition have not yet been created -other than tobacco, which acts on nicotinic acetylcholine receptors to increase the output of inhibitory interneurons (Lisman et al., 2008) . The effect of nicotine may perhaps explain its widespread use (>80%) and cognitive enhancing effects in schizophrenia (Leonard, Mexal and Freedman, 2007) as well as in the general population. Finally, it should be noted that while the specific relationship between anticholinergic load, PO, and PL of PO, in schizophrenia needs to be investigated, and that this is a potential confound in many past studies since smoking patterns and recent nicotine use are not typically assessed, it could not explain all past findings on PO in schizophrenia since: a) some studies have used unmedicated patients; b) independence of overall medication dose and task performance argues against a significant role of the anticholinergic component, although it is possible this was obscured by differences in this component in different medications across patients; and c) in several studies, level of PO was clearly a function of patient subtype (i.e., disorganized or not) yet all patient subgroups were taking antipsychotic medications. This last point suggests that illness-related factors play a greater role than medication-related factors in determining PO and PL of PO performance.
Developmental implications
An important question is how PO and its associated PL impairment develop in schizophrenia. It is known that the development of ventral visual cortex extends through adolescence (Golarai et al., 2010) , which is when the prodromal or acute stages of schizophrenia often begin. There are also developmental changes in GABA-ergic mechanisms in visual cortex across the lifespan (Pinto et al., 2010) , and in the expression of NMDA receptor subtypes (Yashiro and Philpot, 2008) . These data suggest that the development of schizophrenia interrupts the normal development of brain regions involved in PO, as well as the neurotransmitter systems thought to subserve PO. Since this would occur after much development has already taken place, it is consistent with findings that PO for stimuli with strong grouping potential, which rely on PO mechanisms that are intact at birth or shortly thereafter, is more intact than PO of more novel patterns, where greater top-down input and other later developing mechanisms are required. This is also consistent with the often-demonstrated impairments in prefrontal cortex -a structure that does not develop fully until late adolescence -functioning in schizophrenia (Heinrichs, 2001) . Others have also shown that primary sensory regions develop first, followed by the parietal and then frontal areas (Gogtay et al., 2004) . This course of development, again, suggests that ontogenetically later areas should be those most susceptible to the onset of schizophrenia. It also fits the suggestion that top-down feedback to PO in schizophrenia is weakest when it is based on more abstract cues (e.g., stimulus ordering) or on an active cognitive comparison process (e.g., with the Ebbinghaus illusion) -both of which would involve the prefrontal cortex -compared to when top-down feedback can be generated by memory traces generated via repeated exposure.
Finally, alterations in PO, and PL of PO, may be related to illness-related changes in the expression of genes that support neurotransmitter function and plasticity. Recent years have seen increased understanding of: a) the genetics of NMDA receptor hypofunction in schizophrenia and its link to generating synchronized oscillations (Lisman et al., 2008) ; b) developmental changes in synchrony across childhood and adolescence and their link to myelination and the development of GABA transmission (Uhlhaas et al., 2010) ; and c) adolescent changes in the molecular (i.e., gene expression) mechanisms that are critical for a number of aspects of adolescent development that are disturbed in schizophrenia, including glutamatergic activity and plasticity (Harris et al., 2009) . Further specification of the genetics underlying network dysfunction will clarify the biological basis of PO and PO learning impairments in schizophrenia; it will also yield insights into how these processes are implemented in the healthy brain.
Implications for understanding plasticity and its impairment in schizophrenia
The data reviewed above on contour integration in schizophrenia indicate normal, multiple-day, practice-related change within the context of impaired PO at baseline. While this may appear paradoxical if both PO and PL are assumed to be based in the same process, recent work on plasticity can shed light on the meaning of this pattern. For example, Gilbert, Li and Piech (2009) noted that PL involves both long-term modification of cortical circuits, as well as adaptive changes in the short term dynamics of the functional properties of cortical neurons. Regarding the latter, Gilbert et al. noted that they can be affected by top-down influences such as attention, expectations and task demands (perhaps via attention). On this view, the data reviewed above can be interpreted as suggesting that schizophrenia may be characterized by a relatively more severe impairment in short-term plasticity (especially when top-down input is required to implement it) such as that involved in implementing PO over the first 300 milliseconds of processing, and a relatively less severe impairment in long-term neuronal modification, such as that involved in PL over the course of days and involving sleep-related mechanisms. Such a view was proposed, on the basis of different evidence, by Peled (2004) , who conceptualized psychotic disorders (including, and prototypically, schizophrenia) as a disturbance of neural complexity (i.e., neural network integration) resulting in altered fast stabilizing plasticity (but not in slower-developing plasticity). This view is also consistent with evidence from plasticity-based approaches to cognitive rehabilitation in schizophrenia, which demonstrate impairments in perceptual processing at baseline, but then improvements over time with training (Fisher et al., 2009) . Moreover, this view fits with data from long-term behavioral rehabilitation that demonstrate significant learning of complex behaviors in intensive inpatient social-learning environments despite severe deficits in these behaviors upon program admission (e.g., Corrigan and Liberman, 1994; Paul and Lentz, 1977; Silverstein et al., 2006a) . In short, the views of Gilbert et al. (2009) and Peled (2004) can potentially clarify why people with schizophrenia demonstrate more PO impairments under conditions when top-down input is critical for grouping, why PL of PO is most affected when top-down input is required to facilitate grouping, and why performance change over multiple days is equivalent to that of control subjects. Conversely, the data on schizophrenia provide confirmatory evidence for the separability of short-term and long-term plasticity processes in general. An important caveat is necessary here, however. This is that while forms of plasticity may be relatively independent in a healthy population, it is clear that in schizophrenia, for weakly grouped stimuli (such as the nonsymettrical stimuli used in the PRT), reduced PO at baseline is a rate-limiting factor for the development of PL within a single session (and possibly over multiple days as well, although this is yet to be investigated). Therefore, while the potential for PO to be modified (i.e., slow plasticity) appears to be greater than the ability to initially achieve PO (i.e., fast plasticity), this may only obtain for stimuli with relatively more stimulus-driven cues to grouping, and there may be a form quality threshold beyond which severity of initial PO impairment precludes significant single session and multiple-day learning.
